As maternal overweight and obesity increase in prevalence, the need to optimise gestational weight gain has entered the forefront due to the welldocumented poor fetal and maternal outcomes associated with excess adipose tissue. Measurements of changes in energy expenditure form crucial components of effective weight management programmes, and they are also important for clarifying the energy requirements of pregnancy. This review evaluates the primary techniques for measuring free-living energy expenditure for use in pregnancy, with special consideration of the dynamic physiological changes that occur in this state. The methods that will be discussed include the doubly labelled water method, activity recall and activity logs, heart rate monitors and motion sensors. This article may be useful for clinicians seeking to implement active gestational weight management by enabling advice on increases in caloric intake linked to measured changes in energy expenditure, and for researchers studying energy metabolism in pregnancy.
Introduction
As maternal overweight and obesity increase in prevalence, the need to optimise gestational weight gain has become increasingly important. In the USA, 64% of women of childbearing age are overweight and 33% are obese. 1 Similarly, in Australia, maternal overweight and obesity occur in one-third of all pregnancies. 2 Currently, the greatest contributor to maternal and neonatal morbidity is pre-pregnancy maternal overweight and obesity as they predispose to numerous pregnancy complications including gestational diabetes, pre-eclampsia, macrosomia and increased risk of caesarean section. [3] [4] [5] Furthermore, offspring of obese mothers are at increased risk of childhood obesity, the metabolic syndrome and premature death by cardiovascular events in adulthood. 1, 4 However, excessive weight gain during pregnancy is also associated with poor maternal and fetal outcomes.
In 2009, the Institute of Medicine (IOM) updated their recommendations for optimal gestational weight gain during pregnancy ( Table 1) . 6 These guidelines aim to optimise outcomes for both mother and child during and following delivery. 6 It has been found that irrespective of maternal body mass index (BMI), excessive gestational weight gain over the IOM recommendations increases the risk of a myriad of pregnancy complications including gestational diabetes, pre-eclampsia and stillbirth. 7, 8 Excessive gestational weight gain also predisposes to future obesity in the mother and the child, [9] [10] [11] [12] which consequently initiates a trans-generational cycle for the complications associated with pre-pregnancy maternal overweight and obesity. However, the optimal amount of weight gain for an obese woman during pregnancy still remains controversial.
Thus, active and effective weight management in pregnancy is vital. As weight gain is typically a result of increased energy intake or decreased output, prescribing and monitoring physical activity form integral features of weight management interventions. 7, 8, 10, 11 Furthermore, as free-living energy expenditure is significantly greater than energy expenditure in controlled calorimetry conditions, it is essential that the technique chosen is suitable for use in free-living conditions. 13 Recently, however, doubt has been cast on the IOM recommendations for gestational weight gain with some physicians believing that these targets are too high for overweight and obese women. It is stipulated that gains less than these recommendations are acceptable, provided that the fetus is growing appropriately. 14 Despite this, over 50% of pregnant women gain above the recommendations. 4 Of concern are the overweight and obese women who are almost twice as likely to exceed the recommendations as women of normal weight. 15 A significant factor limiting accurate advice on optimal weight gain and dietary changes for pregnant women is the lack of research into energy intake and energy expenditure. Unlike healthy adult life where weight is maintained within fairly narrow limits, 16 there is a significant increase in body mass and fat during pregnancy. 17 Energy stores are determined by the balance between energy intake and expenditure, and therefore, an accurate understanding of these parameters is critical when advising pregnant women about weight gain. However, to date only a few studies have measured energy expenditure longitudinally in pregnancy. [18] [19] [20] Thus, further information on energy balance during pregnancy is required before consensus guidelines are produced to advise on gestational weight gain.
Special considerations for energy expenditure during pregnancy
During pregnancy, a mother's body undergoes dynamic changes to meet the demands of the foetus. These changes alter the traditional paradigms of energy metabolism and substrate utilisation. 17 Typically, total energy expenditure (TEE) is considered as the sum of the basal metabolic rate (BMR), diet-induced thermogenesis (DIT) and activityrelated energy expenditure (AEE). 21 BMR refers to the lowest level of energy expended at rest and comprises the largest component of TEE. The magnitude of BMR varies significantly between individuals and is heavily influenced by body size and composition. 22 AEE is the second largest and most variable component of TEE. It refers to any energy expended above the resting level due to bodily movements. 22 Comparatively, DIT comprises only a small, i.e. approximately 10%
Departments of Endocrinology and Medicine, St. George Hospital and UNSW Medicine, University of New South Wales, Sydney, Australia of TEE and refers to the obligatory energy costs following food consumption for digestion, absorption and storage. 21 However, during pregnancy, the energy expended during synthesis of new tissue constitutes an additional component of TEE. This is because there is a shift to an anabolic state, with additional energy required for deposition in the products of conception, deposition as maternal fat, for maintenance of new tissue and preparation for lactation. 17, 23 In order to meet the energy costs of pregnancy, it may be postulated that TEE may be reduced. 18 However, recent longitudinal studies show that TEE in fact increases during pregnancy. [18] [19] [20] The primary component of this is increased BMR. BMR increases by an average of 157MJ throughout the pregnancy 24 due to greater maternal cardiovascular, respiratory and renal demands, increased rates of tissue synthesis and increased tissue mass. 25 However, inter-individual variations are considerable. 24 As a result, equations for predicting BMR are inaccurate during pregnancy. Moreover, while DIT remains largely unchanged during pregnancy, longitudinal studies show slight decreases in AEE. [18] [19] [20] Evaluation of techniques to measure energy expenditure in pregnancy When determining the ideal technique for measuring maternal energy expenditure, the primary factors that must be considered are accuracy, reliability and practicality. This encompasses factors such as the number of subjects, the time period of measurement, financial feasibility and study aims. 22, 26, 27 BMR can be measured by techniques such as indirect calorimetry. However, as this typically conducted in laboratory settings, it will not be discussed in this review.
All techniques to measure energy expenditure do so indirectly, and therefore the units generated have to be converted back into calories or kilojoules burnt or metabolised. Most techniques will have conversion tables available. With pregnancy, ideally a woman's energy expenditure should be measured prior to conception or in the early stages so that the change in energy expenditure equals the increase in caloric intake advised.
Doubly labelled water method
The doubly labelled water (DLW) method is considered the 'gold standard' for measuring energy expenditure in free-living conditions. With this method, an oral dose of water labelled with known amounts of the stable, non-radioactive isotopes of 2 H and 18 O are administered to subjects following baseline urine, saliva or blood samples. 28 These isotopes are allowed time to equilibrate with the subject's total body water.
When energy is produced in humans from fat, carbohydrate or protein, oxygen is consumed at a proportional rate. As energy is expended, water and carbon dioxide are formed as products of respiration which are then excreted, thereby leading to a decrease in both the 18 O and 2 H concentrations in the body. 26 The 18 O concentration decreases due to elimination as body water in the forms of urine, sweat and in the breath, and as expired carbon dioxide. The 2 H concentration decreases due to elimination as body water only. Mass spectrometry is applied to urine, saliva or blood samples collected from subjects over 7 to 21 days to calculate the elimination rates of 18 O and 2 H. 28 Differences in the rates of elimination of 18 O and 2 H are then used to calculate the rate of carbon dioxide production, which can consequently determine TEE as carbon dioxide production is proportional to TEE. Faster rates of 18 O and 2 H elimination therefore indicate a higher TEE. 13, 29, 30 This process is illustrated in Figure 1 .
The advantage of this technique is that TEE in free-living conditions can be accurately measured with errors of only 6-8%. Furthermore, as most activity patterns follow a weekly cycle, 31 the long time period of measurement with the DLW method is more reflective of habitual energy expenditure. 32 However, this technique has numerous disadvantages which limit its widespread use in pregnant populations. Given the high cost of 18 O at approximately $700 per subject, the high cost of the mass spectrometry equipment and the sophisticated analysis involved, this technique may be difficult for ordinary practices to implement. 26, 28 Furthermore, this method fails to partition TEE into its various components without combination with other techniques. 28 In particular, as AEE is not determined, it is difficult to evaluate the success of exercise interventions for gestational weight management. Moreover, despite the fact that stable, non-radioactive isotopes are utilised in the DLW method, connotations of radioactivity when radioisotopes are mentioned may cause apprehension and limit use, particularly in pregnant populations. Thus, despite being an accurate and well-validated technique for measuring energy expenditure, widespread use is limited in pregnancy.
Activity recall and activity logs
Activity recall involves retrospective recording of the duration, frequency and intensity of various activities performed over given time periods. In contrast, activity logs involve recording physical activity at regular intervals (e.g. every 15 min) over a given time period (e.g. one week). Activity recall measures are usually questionnaires whilst activity logs are in diary formats. In both cases, AEE is calculated by multiplying the time spent in each activity by the energy equivalent for that activity. Energy equivalents, expressed as a ratio of the energy requirements of the activity compared to the resting metabolic rate of an individual, may be measured through calorimetry, or more conveniently, derived from standard tables such as those published in the Compendium of Physical Activities. 28, 33 Whilst these measures are convenient and inexpensive means of estimating habitual energy expenditure in large populations, the accuracy of the data is questionable, particularly during pregnancy. 27, 28 First, as conventional questionnaires are designed for non-pregnant populations, changes in the activity profiles from the non-pregnant to the pregnant state are usually not well represented. During pregnancy, activity is conducted at a lower intensity than in the nonpregnant state, and primarily comprises of domestic, childcare and work-related tasks rather than recreational physical activity. 34 In order to represent these facets well, pregnancy-specific questionnaires are necessary. However, currently, there is only one validated pregnancy-specific questionnaire: the Pregnancy Physical Activity Questionnaire (PPAQ). 35 Furthermore, recall and recording errors due to poor memory, motivation and inclusion of travel and preparation time may adversely affect accuracy. 27 Inaccuracies may also arise due to subjects changing their normal activity patterns whilst under observation. Errors are also introduced when determining the energy cost of activities, as standard tables are typically created using data from young, fit, non-pregnant adults, and thus cannot be directly extrapolated to pregnant populations. 27 Therefore, significant systematic errors are present in activity recall and activity log techniques. However, they are effective for simple binary distinctions between sedentary and active individuals in large population groups.
Heart rate monitors
Heart rate monitors utilise the relatively linear relationship between heart rate and oxygen consumption in exercise conditions to calculate AEE expressed in calories or kilojoules, in an inexpensive and practical manner. 26, 27, 36 Heart rate monitors are portable, light-weight and nonrestricting which increases patient acceptability, particularly as a pregnancy progresses. 22, 28 Nonetheless, the utility of heart rate monitoring is limited by numerous factors. Heart rate monitoring is associated with errors of up to 30% as heart rate is affected by factors external to energy expenditure including variations in physical fitness, emotion and ambient temperature. 26, 28 In addition, energy expenditure due to low-intensity physical activity is poorly predicted by heart rate. 22 Individual calibration curves using indirectly calorimetry to correlate heart rate and oxygen consumption for various activities assist with improving accuracy. However, this makes heart-rate monitoring a time-consuming technique. 30 Additionally, as pregnancy advances, physiological changes to heart rate and stroke volume result in energy expenditure being overestimated at rest and underestimated during activity if calibration curves are not repeated. 37, 38 Moreover, heart rate monitors are usually not tolerated for extended periods of time, and thus may not reflect habitual energy expenditure. 26 Whilst this technique may be easier to implement than the DLW method, limitations on accuracy make heart rate monitoring a less-favourable choice in most settings. 30 
Motion sensors
Motion sensors refer to devices which detect motion or acceleration of a limb or trunk. There are two main types of motion sensors associated with energy expenditure: pedometers and accelerometers. Data obtained from these devices are then input into standardised algorithms to estimate energy expenditure.
Pedometers. Pedometers are inexpensive, small and unobtrusive devices which quantify the number of steps taken by responding to vertical acceleration. 26 However, whilst efforts are made to ensure one 'escape' per step, devices often count two 'escapes' when jogging and miss 'escapes' when walking slowly, thereby giving inaccurate results. 27 Furthermore, as pedometers are insensitive to differences in gait such as stride length and do not record horizontal or upper body movements, they are less accurate at quantifying distances travelled and TEE. 22 Furthermore, as many pedometers are designed to be attached to a waist belt, they are problematic as pregnancy advances. 27 Whilst pedometers are a convenient and simple form of monitoring exercise goals, accurate conclusions about energy expenditure cannot be determined.
Accelerometers. Accelerometers record motion in various planes and
integrate this information to determine the frequency, duration and intensity of AEE. The principle underlying accelerometers is that acceleration is directly proportional to muscular forces and therefore correlates well with AEE. Uniaxial accelerometers detect motion in one axis, whilst triaxial accelerometers detect motion in three axes, with the latter considered advantageous in producing more accurate results. 26 The major advantage of accelerometers, compared with other techniques, is that TEE is objectively partitioned into time spent at various intensity levels, differentiating between sedentary, light, moderate and vigorous activity states. In addition, AEE is quantified without the need to measure BMR, and the results obtained have high reproducibility. 22 Accelerometers are also usually small, non-intrusive and portable which increase subject acceptability. 22 Thus, accelerometers provide an easy means for evaluating interventions in larger population groups. 26 However, the accuracy of accelerometers has been questioned with both under-and over-estimation of energy expenditure for various activities. 39, 40 Accelerometers also do not have pregnancy-specific algorithms for analysis which increases the error margin in this group. 27 Accelerometers are further problematic with advancing pregnancy as they are commonly worn around the waist. 34 Despite under-and over-estimation of energy expenditure for certain activities, the high reproducibility of results mean that accelerometers are valuable in evaluating changes in energy expenditure with advancing pregnancy. Furthermore, objective partitioning of TEE into various intensities of activity can be particularly valuable in pregnancy as pregnant women often reduce pace and intensity to compensate for the increased energy costs of performing various activities. 21 
Combined heart rate and motion sensors
Heart rate monitors and motion sensors can be combined for improved accuracy when estimating energy expenditure by confirming changes in heart rate with accelerometer data. 36 However, validation studies to date have only been conducted in laboratory settings and in non-pregnant populations. 26 For true applicability in free-living pregnant populations, validation studies against the DLW method will need to be conducted in this population group.
Multiphasic devices
Multiphasic devices combine various physiological parameters to enhance the precision of accelerometers and heart rate monitors in estimating TEE. An increasing number of physiological variables available to input into algorithms within the device or associated software improve the accuracy of TEE estimation. One such device, the SenseWear Armband, is a safe, innovative technology which combines accelerometer data with measurement of temperature, heat flux and galvanic skin response. 41, 42 Being a small, wireless device, acceptability and compliance are increased. Furthermore, being worn over the triceps, this device is more preferable during pregnancy than waist-worn devices. Accuracy is also higher than traditional accelerometers, and unlike the DLW method, the SenseWear Armband is capable of quantifying energy expenditure into sedentary, moderate, vigorous and very vigorous activity. 42 Recently, the SenseWear Mini armband was validated in pregnancy, showing strong overall correlations with indirect calorimetry (r ¼ 0.87), though energy expenditure was overestimated for some activities. 42 Another model, the Sensewear Pro 2 Armband, underestimated energy expenditure by only 9% when compared to indirect calorimetry in pregnant women. 43 Thus, both devices are valid measures of energy expenditure in pregnancy.
However, the SenseWear Armband calculates the intensity of physical activity in metabolic equivalents (METs), and these values may potentially be reduced in the pregnant state due to the pregnancyrelated increase in BMR. Furthermore, a recent study deemed that to ensure accurate measures of habitual physical activity, the SenseWear Armband must be worn on both Saturday and Sunday and at least three weekdays, which may reduce patient acceptability. 44 Similar devices including the Multisensor Board have been developed which combine numerous other parameters including light, temperature and humidity to improve the accuracy of energy expenditure measurements. The underlying issue with all such devices, however, is that pregnancy-specific algorithms are yet to be developed. 27 Thus, validity is somewhat compromised in this population group.
Global Positioning Systems
Global Positioning System (GPS) is an emerging technology which provides an effective adjunct to energy expenditure data from accelerometers. By providing contextual information on an individual's location, method of transport and travelling speed, the precision of energy expenditure measurements can be improved. GPS and accelerometers can be incorporated into cellular phones which would increase patient accessibility and provide an interactive means of motivating adherence to exercise regimens. 22 However, GPS is limited to outdoor activities where satellite signals can be received. 22 Similarly, satellite signals may be lost in underground areas and urban areas with tall buildings. 27 This may be alleviated by cellular data and Wi-Fi capabilities. 22 Hence, more research is required before this technology becomes widely accepted.
Application of energy expenditure information
Given the complications associated with maternal overweight and obesity and excessive gestational weight gain, optimising weight gain during pregnancy is essential. Physical activity interventions form effective components of gestational weight management interventions, and accurate measurement of energy expenditure encourages the success of such programmes. 7, 8, 10, 11 First, techniques which provide simple feedback to subjects may motivate adherence to behavioural interventions, thereby increasing their success. Second, measurement of energy expenditure allows for objective monitoring of adherence to the prescribed physical activity regimen. Finally, the effectiveness of physical activity interventions can be monitored as changes in activity level throughout pregnancy with respect to gestational weight gain can be correlated. 7, 8, 10, 11 This can then allow for adjustments to be made to increase the success of the prescribed intervention, leading to better maternal and fetal outcomes. Whilst the ideal technique will vary depending on the context of use, key considerations include the accuracy and practicality of the technique.
However, in order to maximise effectiveness of physical activity interventions, techniques measuring energy expenditure should be combined with dietary change and psychological support. 11 Measurement of energy expenditure may also assist in this arm of gestational weight gain interventions 45, 46 as it is proposed that measurement of TEE may be more reflective of an individual's energy requirements than measurement of energy intake. 21 Presently, pregnant women are advised to gain a certain amount of weight during their pregnancy. How this amount of weight relates to changes in daily caloric intake is not determined. For example, if a normal weight woman is told to gain 11.5 to 16 kg during pregnancy, she will not know how this translates to changes in caloric intake. In contrast, if the increase in TEE is measured, the additional caloric requirements she requires to cover the changes in TEE and also optimise her gestational weight gain can be advised.
Moreover, further research into energy expenditure is necessary in order to revise the energy requirements of pregnancy. The most recent recommendations state the energy requirements for pregnancy as 320 MJ based on an optimal weight gain of 12 kg, believed to optimise both fetal and maternal outcomes. However, as seen in Table 1 , this degree of weight gain may be too high for overweight and obese women, and it also does not take into account the variations in TEE in individuals. In order to develop energy intake recommendations which take into consideration pre-pregnancy body habitus, energy expenditure must be measured in individuals or in various subgroups of women.
Conclusion
Numerous techniques to measure maternal energy expenditure in freeliving conditions exist, each with inherent advantages and disadvantages. Whilst the DLW method is considered the 'gold standard', it is often financially and logistically unfeasible for most practices. In contrast, heart rate monitors and accelerometers are often more practical though accuracy is somewhat compromised. Activity recall and activity logs are subject to systematic errors, though easily implemented in large population groups. When determining the ideal technique for measurement of energy expenditure, context of use, the number of patients, time period, and financial and logistical feasibility must all be considered. Measurement of energy expenditure should be recommended as an important component of gestational weight management, as it may be more reflective of an individual's energy requirements than measurement of energy intake, and also allows for objective monitoring of adherence to and effectiveness of physical activity interventions.
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